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ABSTRACT

Metallic and pearlescent coatings are becoming increasingly important in automotive, currency, and cosmetic
applications. These coatings consist of metallic or dielectric platelets suspended in a binder, and are often applied
between a pigmented basecoat, and a transparent topcoat. The scattering properties of these composite coatings
vary depending upon the incident and viewing directions, as well as the wavelength. The complex nature of the
scattering arises from the competition between multiple scattering sources: front surface reflection from the top-
coat, reflection from the platelets, diffuse scattering from the pigmented undercoat, and scattering between plate-
lets. The complex interplay between multiple scattering sources affects the ability to achieve quality control during
the preparation of these coatings. In addition, the topcoat surface morphology, the properties of the pigmented
basecoat, and the intrinsic properties, concentration, and angular distribution of the platelets influence the fina ap-
pearance of the coating. In this paper, we will present models for light scattering from front surface facet reflec-
tion, subsurface flake reflection, and diffuse subsurface scattering. Experimental scattering measurements on
pearlescent coatings show that the polarization can be well described in different geometry regimes by these differ-
ent scattering sources. The models can be used to extract the slope distribution function of the flakes from the in-
tensity data, but some aspects of the results behave inconsistently. Comparison is also made between experimental
and calculated diffuse reflectance spectra. These results are intended to enable improved characterization of special
effect coatings necessary for quality control and appearance modeling applications.
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1. INTRODUCTION

Special effect pigments provide a broader range of appearance attributes than is available from traditional absorption and
scattering pigments.® Metallic and pearlescent paints use thin platelets made out of metallic and dielectric materials, respec-
tively. Optically thin coatings applied to the platel ets contribute interference effects, which allow the appearance to vary de-
pending upon illumination and viewing conditions. The complexity of the appearance of coatings containing special-effect
pigments necessitates an equivalently complicated description of their scattering behavior in order to facilitate process control
and characterization. Since objects painted with these coatings, such as automobiles, may have curved surfaces and be
viewed from many different directions, this characterization must be sufficiently complete to represent the visual perception
of the materials under the range of geometries for which they will be viewed.

A general scattering function can be extremely complicated.? Being a function of, amongst other things, the incident di-
rection, the scattering direction, the polarization, and the wavelength, measuring it with sufficient resolution is time-
consuming and nearly impossible to perform fully even in aresearch, let alone a production, environment. However, severa
assumptions can be made to reduce the number of these parameters. The requirement of reciprocity simplifies the function
dlightly, reducing the number of measurements by a factor of two. Reducing the dimension of the problem is much more use-
ful; if the material can be assumed to be isotropic, then the number of directional parameters may be reduced from four to
three. Understanding the scattering mechanisms, however, can decrease the number of parameters substantially. For exam-
ple, if one knows that an isotropic material is scattering due to locally-flat surface facets, then one only needs to know (be-
sides the optical constants of the material) the distribution of slopes to completely describe the scattering as a function of ge-
ometry and wavelength,®* thereby reducing the dimensionality of the problem to one.

Figure 1 shows a schematic representation of a composite flake-pigment coating. Such a coating can be considered to
consist of three basic layers. The deepest layer is a diffusely scattering pigmented layer. Above that is a layer containing
flakes whose surface normals are distributed narrowly about the mean surface normal of the sample. Finally, a clear topcoat
is applied which has a smooth surface, though it often has a large amount of long wavelength roughness referred to as or-
ange-peel. The binding materials for al of the layers are assumed to have indices matched to one another, so that reflections
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from the layer interfaces can be ignored. In this simple view of the composite coating, the scattering of light is assumed to
arise from three different scattering mechanisms: local specular reflection from the top interface (facet model), specular re-
flection from the platelets (flake model), and diffuse scattering from the undercoat (diffuse model).
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Figure 1. Schematic diagram illustrating the properties of the paint layer.
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Figure 2. Schematic illustrations for three models described in this paper: the facet scattering model (top), the flake or sub-
surface facet scattering model (middle), and the diffuse scattering model (bottom).

It is the purpose of this paper to present models for light scattering appropriate for special effect pigment coatings, and to
investigate the utility of polarized light scattering for separating the various scattering mechanisms. Polarized light scattering
has been shown to enable the distinction amongst numerous scattering mechanisms in a number of other systems.>™* In
many cases, the scattering function is a product of two factors, one of which is dependent upon the source of the scattering,
which also determines its polarization properties, and another, which depends upon the statistical description of the ensemble
of scatterers and which primarily affects only the intensity distribution. This separation of the scattering function into two
functions is analogous to the use of form factors and structure factors, respectively, in x-ray scattering.'? This effect has been
predicted and observed for anumber of different scatterlng mechanisms, including roughness of one”*° or more® interfaces,
particulate contaminants,®® and subsurface defects.”

In Section 2, theories for scattering from top surface roughness, subsurface flakes, and subsurface diffusion will be out-
lined. In Section 3, the measurement procedures employed by this study will be described. In Section 4, the results are pre-
sented and discussed. Finally, in Section 5, the results of this study are summarized.
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2. THEORY

Light is assumed to be incident on the sample at an angle & from the mean surface normal. The direction of scattered light
is parameterized by a polar angle & and an azimuthal angle ¢ relative to the flat surface. A right-handed basisset { S, p, k }

is used to describe the polarization of the light, where k is a unit vector in the direction of propagation, $ is a unit vector
perpendicular to the plane of incidence (or viewing), and p = kx$§ is a unit vector in the plane of incidence (or viewing).
There are separate basis sets for the incident and reflected directions, denoted by the subscriptsi and r, respectively. Light
which is polarized with its electric field along the § (p) direction is considered to be s-polarized (p-polarized). In this sec-
tion, we will discuss light scattering models which are believed to apply to the paint samples studied: scattering from surface

facets, subsurface flakes, and diffuse scattering. Computer codes that implement these models have been, or will soon be,
made publicly available on the world-wide-web.**

2.1. Facet Scattering M odel

The scattering from surface roughness in the large amplitude limit is often approached by treating the scattering as specular
reflection from aligned facets on the surface. The model isillustrated in Fig. 2(top). Often referred to as specular point the-
ory, and described in detail by Barrick,? the model assumes that an observer sees the contributions from those surface facets
which are aligned to specularly reflect light from the source towards the observer direction. The facets are assumed to have
their dopes ¢ distributed randomly according to an isotropic slope distribution function, §¢), defined such that the probabil-
ity that the magnitude of the slope at a given location (x,y) on the surface is between { and ¢ + d{ is given by 2ri¢ () d{.
The alignment of the facet which specularly reflects from the incident direction to the viewing direction is uniquely deter-
mined by the scattering geometry. The cosine of the local incident angle onto afacet, /, isgiven by

cos/ =[(1-sing, sing, cosg +cosB cosb,) /2] (1)
The facet istilted from the surface plane by an angle J; the tangent of which isits slope ¢, and is given by
{ =tany =(sin’@ +sin’ g, —2sing sind,. cos@)"? /(cosB +cosh). 2

Given the angle-dependent reflection coefficients of the topcoat/air interface, ry(s) and ry(7), the Mueller matrix bidirectional
reflectance distribution function (BRDF) for scattering from a distribution of facet anglesis given by

F'= = (1+ {?)?S({) /(4a,? cosf cos6, )M (™) (©)

where M (q™) is the Mueller matrix derived from the Jones matrix g™, which has the elements
qe™ =r,(1)sing sinB, sin® @ +a,ayr, (1) , (49)
g™ =-sing[a,r,(1)sing, —ayr, (1sing], (4b)
g =-sing[afr,(1)sng —ar,()sng ], (4¢)
g =r,(/)sing sind, sin® g +a,air, (1) , (4d)

and where

a =sin’2, (5a)
a, =cosé, sinf, +siné, cosh, cosq , (5b)
a, =sing cosg, +cosé, sing, cosq . (5¢)

In Egs. (4), the first subscript denotes the incident polarization, while the second denotes the scattered polarization. Note that
the existence of any conforming dielectric coating on the surface can be included in the model by using the appropriate re-
flection coefficients rs(s) and ry(7) calculated for such a coating. The scattering intensity is proportional to the product of the
isotropic two-dimensional slope distribution function, <), and other factors, which depend only upon the geometry and op-
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tical constants of the materials. The polarization of the scattered light, within this approximation, is also independent of the
function §¢).

The facet model does not account for light which is reflected from the source into the surface plane. These rays are gen-
erally expected to undergo further reflections from and transmission into the material, and are usually assumed to contribute
to depolarization and a Lambertian background. Extensions of this model attempt to account for surface shadowing by adding
shadow functions appropriate for V-grooves™ or Gaussian roughness.” Since the tangent plane approximation assumes local
facet scattering in order to enforce boundary conditions, some wave scattering theories, such as vector Kirchhoff theory, tend
to predict the same polarization behavior as the facet scattering model.**

2.2. Flake Scattering M odel

Scattering from flakes beneath the surface, or a rough surface under a thick smooth dielectric layer, can be treated in a
similar fashion as the facet scattering model, except that one must take refraction into and out of the topcoat and binder into
account. Figure 2(middle) shows a schematic of the scattering mechanism. From Snell’s law, the sine of the internal angles of
the incident and scattered rays are given by

sing, = (1/n)siné, , (6)

wherej =i or r, andn is the optical constant of the dielectric layer. By analogy to Egs. (1) and (2), the local incident angle
onto a facet/’, hasits cosine given by

cos/' =[(1-sin@ sinB, cosg +cosh cosb, )/ 2]"2, )

and a facet which reflects a ray from the incident direction to the scattering direction is tilted from the surface plane by an
angle y, the tangent of which is its slope

{'=tany' =(sin® @ +sin* G -2sin@'sin@’ cos@)"? /(cos’ +cosb) . 8)

The transmission coefficients into the topcoat are givetyby andt,(6) and depend upon and the properties of any di-
electric coatings on the first interface. The Mueller matrix BRDF can then be expressed as

R = (1+{")° S (") /[4(a])” cosd] cos6, 1 M (q"*) ©)

where the scattering matrif®® has elements given by
s =1,(8)L,(6)r; (") sing'sing; sin @ +ayar (1] (10a)
A = —t,(8)t,(6,) singlar () sing —ayr; (1) sing] (10b)
oo ” = ~4,(6)L,(6) singlar, (1) sing - &r () sing]] (10c)
Al =1, ()1, (8)[r.(") Sng'sing, sin® g + a,ayr, (1] (10d)

and where

a =sin’2/' (11a)
a, =cosf'sing, +sind cosg; cosy (11b)
a, =sin@'cosd’ +cosd'sind’ cosq (11c)

The coefficientsr,(/') andr (') are those appropriate for reflection from the binder/flake interface and may include the ef-

fects of any dielectric layers deposited onto the flakes. As for the facet scattering model, the flake scattering model does no
account for shadowing, large angle reflections, or multiple scattering, but the models can be extended to include these effects
Furthermore, the flake scattering model does not account for light paths which transmit through one or more flakes before
being reflected by another flake. The slope distribution func®1f') quantifies the distribution of flake slopes, as was

defined above for the facet scattering model.
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Pearlescent pigments consist of a high refractive index (H) material (such as a-Fe,O3) coated onto flakes of a lower index
(L) material (such asmica)." Therefore, we treat the second interface in Fig. 2(middle) as a three layer (HLH) stack on top of
the binder material. Since the thicknesses of the flakes have a broad distribution, we further average over the thickness of the
lower index material (mica). The thickness of the high index layer is assumed to be uniform.

2.3. Diffuse Scattering M odel

The diffuse scattering model is conceptually very simple, and is schematically illustrated in Fig. 2(bottom). Transmis-
sion, with transmittances T (6) and T (€]) , occurs when light strikes the material interface. That light which transmits into
the material undergoes multiple scattering events and becomes completely depolarized. Finally, transmission, with trans-
mittances T,(6,) and T,(6,), occurs as light leaves the material. While this mechanism strongly depolarizes the light, a

small amount of residual polarization occurs due to the differences between the transmission coefficients for s and p polari-
zation. It is straightforward to show that the Mueller matrix BRDF for this scattering model is given by

Df Diffuse f Diffuse O 0[

r0,0 0,1

Diffue ¢ Diffuse O
o - " 1510 05 .

0 o o of

where

foo ™ = H,(8) + () HT,(6) +T.(6)F (139)
for = H.(8)-T,(0)HT,6) +T,(6)B (13b)
fro = H, (@) +T(0)EEL(6)-T,(6)B (130)
fa = H,@0)-T.(6)H,6)-T.(6)5 (13d)

and ais aconstant, which is the reflectance of the diffuse scattering material, not accounting for the interfaces.

3. EXPERIMENT
3.1. Polarized and Spectrophotometric Scattering M easur ements

Measurements were performed using two angle-resolved scattering instruments at NIST, the Goniometric Optical Scatter
Instrument (GOSI)*#?°and the Spectral Tri-function Automated Reference Reflectometer (STARR).** GOSI is a laser-based
system having a high angular resolution, wide dynamic range, full polarimetric capabilities, and the ability to measure scat-
tering out of the plane of incidence. STARR has a continuously-tunable lamp- and monochromator-based illumination
source, a lower directional resolution, a lower dynamic range, and can only investigate scattering in the plane of incidence.
The tunable-source capabilities of STARR make it more amenable to visual appearance measurements, while the laser-based
and polarimetric GOSI enables scattered light measurements from smooth, low scatter, surfaces. The coherent source and
high angular resolution of GOSI also creates alarge amount of speckle noise in intensity data, which leads to a lower uncer-
tainty in data measured by STARR.

Measurements performed for this study by GOSI used a HeNe laser (A = 632.8 nm) and were carried out in two different
geometry-scanning modes: in-plane and out-of-plane. The in-plane measurements were carried out with fixed incident angle
(8 = 45° or 60°), scanning the scattering angle in the plane of incidence. The out-of-plane measurements were carried out
by fixing the incident and scattering polar angles (8 = g = 45° or 60°), while scanning the azimuthal scattering angle ¢ from
0° to near 180°. While the instrument is capable of full Mueller matrix measurements, only measurements of the Stokes vec-
tor were performed, using specific incident polarizations which are found to yield a high degree of discrimination between
scattering sources. In the plane of incidence, such discrimination was obtained by letting the incident light be linearly polar-
ized at 45°. For out-of-plane measurements, the incident polarization was continuously varied from 45° (g@+spato
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90° (p) atg =90°, and to 135° (ps) at ¢ =180°. This incident polarization scheme improves the discrimination between
the different scattering mechanisms forglicompared to that using a fixed incident polarization State.

The intensity and polarization of the scattered light is characterized by the bidirectional reflectance distribution function
(BRDF), f,, the principal angle of the polarizatiop,(measured counterclockwise from s-polarization when looking into the
direction of propagation), the degree of circular polarizatiyn,and the total degree of polarizatidh, The sign ofPc is
chosen to be positive for left-circularly polarized light. These parameters can be obtained from the Stokes parameters. While
use of the linear Stokes parameters simplifies many calculations, presentation of data with the papaPgtarslP often
simplifies interpretation. In particulan,andP. parameterizes the polarization state of the polarized part of the beam, while
P characterizes the unpolarized part. Furthermore, for many scattering mechanisms and experimental gegisethiss
to zero, so that alone distinguishes amongst dominant scattering mechanisms.

Measurements using STARR were performed for incident anglés=dt5°, 45°, and 65°, scanning the scattering angle
from 8 = —75° to 75° in 5° increments, and scanning the incident wavelength from 380 nm to 780 nm in 10 nm incements.
The source bandwidth of STARR is 15 nm, and the incident light was linearly polarized at 45°.

3.2. Sample Preparation

The samples consisted of red pearlescent pigments coated onto a diffuse white or black basecoat with a clear topcoat. The
black basecoat was chosen to isolate the scattering of the pearlescent flakes from other scattering sources. A white baseco:
was chosen to study the effect that a diffusely scattering source contributes to the scattering behavior, and to inestigate if
scattering from the basecoat can be separated from the scattering from the special-effect pigment. The samples are identifiec
in this article byXn, whereX signifies either W (for white) or B (black), amdsignifies the number of applications of pear-
lescent pigments. A single application of the pearlescent pigments simulated a dilute layer of such pigments, while four ap-
plications was sufficiently dense to mask most of the underlying basecoat. The pigment (Efigébi8aidconsisted of ap-
proximately 90 nmo-Fe,03 (hematite) layers coated onto mica platelets having a median sizepof 48d thicknesses
ranging from 300 nm to 400 nm. The mica platelets have a substantial amount of surface roughness.

4. RESULTSAND DISCUSSION

Figure 3 shows polarimetric datdor four samples (B1 and B4 on the left, and W1 and W4 on the right) measured using
GOSI in the plane of incidence with= 6C°. The interpretation of data measured flor 45> and for data measured out of
the plane of incidence were consistent with that shown in Fig. 3. Furthermore, the samples having two and three applied
coatings of the pearlescent pigments had results ranging between those having one and four applications, as expected. Thec
retical calculations, using the models described in Sec. 2.2, accounting for the distribution of mica thicknesses, are included
in Fig. 3.

For all of the samples, the BRDF is highly peaked in the specular direéinagr 60), and the measured value of the
BRDF in this regime is limited by the 1.3910°* sr collection solid angle used for these measurements. For all of the sam-
ples shown, the polarimetric valugsPc, andP match the theoretical prediction of the facet model, as one would expect for
front surface reflection. In particular, the total degree of polariz&isnvery close to unity. Away from the specular direc-
tion and for all but the largest scattering angles, the BRDF measured for samples W4 and B4 are similar, suggesting that
scattering from the pearlescent pigment dominates the scatter, as one would expect from a saturated and nearly completely
covering paint layer. Likewise, the polarimetric signatures of samples W4 and B4 are very similar. As expected, the BRDF
from sample B1 is lower than that from B4 due to the lower concentration of flakes, and the BRDF of sample W1 is higher
and flatter than W4 due to an increased contribution from the white undercoat layer. The polarization parameters describing
the polarized part of the lighty(andP¢) are consistent with the model for subsurface flake scattering. The total degree of
polarization is fairly low, decreasing with number of flake applications for the black sample and increasing with the number
of applications of flakes for the white sample. Presumably, multiple scattering contributes to depolarization, and increasing
the concentration of flakes increases the amount of depolarization, but the saturated amount of depolarization from the flakes
never achieves the degree of depolarization obtained from the diffuse scattering of the white basecoat.

An interesting behavior can be observed in the regime near, but not at, the specular direction. In this regime, two weakly
depolarizing scattering sources, the front surface facet scattering and the subsurface flake scattering, contribute et comparab
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levels to the net scattering, but the sources are incoherent with each other. The effect of this mechanistic competition can be
seenin Fig. 3 asdipsin the total degree of polarization P on both sides of the specular direction.

Lastly, at the very largest scattering angles shown for samples W1 and W4, the values for ;7 deviate significantly from the
flake scattering model. At these scattering angles, the basecoat is still visible through the pearlescent flake layer, contributing
significantly to depolarization and pushing the results for ;7 towards that predicted by the diffuse scattering model (p polari-
zation, or 7 =90°).
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Figure 3. The BRDF (top), degrees of polarization (P and Pc, middle), and principa angle of polarization (17, bottom) for
pearlescent pigments applied to the black basecoat samples (B1 and B4, left) and the white basecoat samples (W1 and W4,
right) measured in the plane of incidence. The light was incident at an angle g = 60°, was linearly polarized 45° from the
plane of incidence, and had a wavelength of 632.8 nm. The theoretical predictions of the facet scattering model applied to
the topmost interface (dashed curve) and the flake scattering model applied to the pearlescent flakes (solid curves) are
shown for the polarization parameters.

According to Eqg. (9), the scattered intensity resulting from subsurface flakes should be proportional to the probability
distribution function of slopes, S'({"). Therefore, it is straightforward to convert the measured BRDF to S'({"). Figure 4
shows the results of this analysis applied to samples B1 and B4, using only the polarized part of the measured light (that is
using P f, ). Included in Fig. 4 are data from in-plane measurements (both forward scattering and backward scattering) and
out-of-plane measurements using GOS! with 632 nm light, and in-plane measurements using STARR with 640 nm light. The
results for the sample with the most dilute concentration of flakes, sample B1, show the distribution function following a sin-
gle smooth curve, demonstrating that the flake scattering model describes the scaling law which unifies al of the data. These
datayield a straight line when plotted on a semi-logarithmic graph, further simplifying the parameterization of the data. That
is, the results for sample B1 are consistent with scattering from flakes having an exponential slope distribution function,
characterized by a 1/e slope of approximately 0.15 (rms slope of 0.4).

The results for sample B4, shown in Fig. 4, are not as consistent with flake scattering as those for sample B1. While the
polarization parameters agree very well with the flake scattering model, the slope distribution function shown in Fig. 4 does
not follow a single curve. In fact, the out-of-plane data and the in-plane forward scattering data (& > 8), al follow along the
lower curve, while the in-plane backward scattering data (6 < ) all follow the upper curve. Including all of the scattered
light (f. vs P f,) in the analysis does not change the qualitative interpretation of the data for sasmple B4 in Fig. 4. Thisfinding
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might suggest that multiple scattering between flakes, which is not accounted for in the model, preferentially adds intensity
towards the surface normal. While the degree of polarization P often indicates the degree to which multiple scattering occurs,
multiple scattering does not necessarily contribute to depolarization. Therefore, we speculate that multiple scattering from the
flakes is contributing to increased intensity towards the surface normal. Such multiple scattering may include both reflection-
reflection scattering events, and transmission-reflection scattering events. Since the pearlescent pigments are inherently par-
tially transmitting, the flakes which exist beneath other flakes will contribute to the scattered light. The flake scattering
model does not account for multiple flake scattering.

10 g

S(9

'g“f'z”e \ *-a-&_

S 1t
%)
Out-of-plane
f
01 L 1 L 1 L 1 L 1
0.0 0.2 0.4 0.6 0.8
{

Figure 4. Pearlescent flake slope distribution functions extracted from the data for samples B1 and B4. The analysis was
performed using in-plane and out-of-plane data and three incident angles.
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Figure 5. The integral of the facet dope distribution function, C, as a function of the number of applied pearlescent coats,
extracted from the light scattering data for samples B1—B4. The point at zero passes was not measured, but was assumed.

The consistency of the distribution function can be checked by determining its normalization; that is,
C=[ 2’ S({)d’ (14)
Within the approximations of the flake scattering model, the value C should correspond to the fraction of the surface area

which is covered by flakes and should be less than unity. Figure 5 shows the results of this analysis as a function of the
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number of pearlescent coatings applied to the black undercoated sample. The value of C grows with the number of coats,
reaching avalue close to 2. This value may be higher than 1 due to multiple scattering events as described above. Also, the
results that one obtains for C depends strongly on the optical constant and thickness used for the a-Fe,O; layer, and the dis-
tribution of mica thicknesses.

The scattering models described above in Sec. 2 also allow a calculation of the scattering spectrum. Figure 6 shows a
spectrum of sample B1 measured by STARR with 8 = 65° andg = 0°, compared to a calculation using the flake scattering
model. The spectrum obtained by the model depends very strongly on the optical properties of the flake materials and their
thicknesses. Several reasons may account for this lack of agreement, which include insufficient knowledge of the optical con-
stants of thex-Fe,0O; layers, insufficient modeling of the roughness of the mica flakes, and the effects of multiple scattering.
While gross features of the spectrum are reproduced—Iocation of the maximum near 725 nm, the absorption edge near
575 nm, and the rise in the scattering for short wavelengths—the agreement is insufficient to perform an accurate prediction
of color and its change with geometry.
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Figure 6. Spectral BRDF measured with 8 = -65° andg = 0° (squares), and the prediction of the flake scattering model
(solid curve).

5.SUMMARY AND FUTURE WORK

We have presented models for light scattering, which are appropriate for describing the scattering from pearlescent flake
coatings. At small scattering angles, a front surface facet scattering model describes the data. Front surface scattering yields
way to subsurface flake scattering at larger scattering angles. At the largest scattering angles, the scatter from the undercoat
contributes to the scatter distribution if it is not absorbing. The models work very well for predicting the polarization state of
the light and the scaling behavior for different scattering geometries. The polarization state of the scattered light can there-
fore be used to evaluate the dominant scatter mechanisms acting in different geometries. While the models allow the slope
distribution function to be extracted from the data, that slope distribution function does not show the appropriate normaliza-
tion. Furthermore, the spectrum is not reproduced well by the model. Thus, the models need further refinement before they
can be applied to predicting the BRDF of the scattered light. Measurements are currently underway using metallic flake pig-
ments and non-absorbing pearlescent pigments. Metallic flake pigments do not transmit light, so the effects from multiple
scattering should be reduced. The use of non-absorbing pearlescent pigments will reduce those uncertainties in the model
which result from uncertainties in the material optical properties.
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